A time delay control methodology is adopted to cope with degraded control performance due to control surface damage of unmanned aerial vehicles, especially in the case of the automatic landing phase. It is a crucial challenge to maintain consistent control performance even under fault environments such as stuck and/or incipient actuator faults. Flight control systems designed using conventional feedback control methods in such cases may result in unsatisfactory performance, and even worse, may not guarantee the closed-loop stability, which is fatal for aircraft in the state of auto-landing. To overcome the shortfalls of the conventional approach, the time delay control scheme is adopted. This scheme is known to be robust against disturbance, model uncertainties and so on. Motivated by the fact that the abrupt and/or incipient actuator faults focused on in this paper could be considered as model uncertainties, we consider the application of the time delay controller to designing a fault tolerant control system. To show the effectiveness of the time delay control method, a nonlinear 6-DOF simulation is performed under model uncertainties and wind disturbances, and control performance is compared with that of conventional controllers in the case of multiple and single actuator faults.
Nomenclature j : gain degradation of the j-th component V T : airspeed , : angle of attack and sideslip m: vehicle mass L, M, N: rolling, pitching, yawing moments I x , I y , I z : moment of inertia u, v, w: altitude h: angular velocity of main rotor , , : roll, pitch and yaw angle p, q, r: roll, pitch and yaw rate e , a , r : elevator, aileron and rudder deflection angle : flight path angle r: reference n: aircraft forward ground track L: small time step t: time e: error vector u: control input vector x: state vector : time constant : cutoff frequency Subscripts 0: initial f : fault d: desired glide: glide slope phase flare: flare phase
Introduction
Fault tolerant control (FTC) for aircraft systems has received considerable attention from control engineers in the past couple of decades. The aspiration behind this attention is to build safer and more reliable aircraft systems that can sustain the effect of failures. Therefore, the need for fault tolerant control methods is critical.
Owens stated that the main task to be tackled in achieving fault tolerance is the design of a controller with a suitable structure to guarantee stability and satisfactory performance, not only when all control components are operational, but also in the case that sensors, actuators or the flight control computer malfunction. This concept has sometimes been referred to as control loops which possess loop integrity. 1) Birdwell et al. and Veillette et al. refer to fault tolerant control as reliable control. 2, 3) After a fault occurs, strong couplings between modes usually appear. The aircraft loses its symmetry after surface damage and the conventional control approach based on separated longitudinal and lateral dynamics may not be applicable. 4) A large number of techniques have been proposed to solve the problem and some have been tested in actual flight. 5) Generally speaking, the methods for designing fault tolerant control systems in control literature can be classified into passive and active approaches as shown in Fig. 1 . In the passive approach, also known as reliable control systems, robust control techniques are used to ensure that the control loop system remains insensitive to certain faults. Some of the passive approaches include robust control Ó 2012 The Japan Society for Aeronautical and Space Sciences design techniques such as H 2 , H 1 and sliding mode control. On the other hand, in the active approach also known as reconfigurable control systems, the control law is designed for every fault situation. The control law is redesigned either using online adaptation or selecting a pre-designed controller from a bank of controllers. [6] [7] [8] [9] There have been several studies of active fault tolerant control methods including on the pseudoinverse method, 10) eigenstructure reassignment, 11) model following, 12) multiple-model, 13) neural networks and fuzzy logic, [14] [15] [16] adaptive sliding mode control, 17) model predictive control 18) and linear quadratic regulator. 19) Most of the existing research is centered around the objective of recovering as much of the pre-fault system performance as possible. [20] [21] [22] Birdwell et al. and Veillette et al. define reliable control as an idealistic goal. However, several investigators have pursued a line of reasoning that robust control theory can be used to maintain acceptable system stability and performance when control loops malfunction. 2, 3) In this study, to achieve robust performance of small jet aircraft, the time delay control (TDC) scheme is adopted to design a fault tolerant flight control system and apply it to the automatic landing problem under actuator faults.
Youcef-Toumi and Ito proposed a control method for a class of nonlinear continuous-time systems with unknown dynamics and unexpected disturbances, and referred to it as TDC. The TDC scheme has been widely used in robotics and also successfully for many nonlinear systems. In particular, the TDC scheme is known as a robust nonlinear control scheme for model uncertainties and disturbance. In addition, the TDC scheme has shown good performance when applied to the trajectory tracking problem. 24, 25) The previous studies on the auto-landing guidance law are well summarized by Choi et al. who proposed a TDC scheme applied to the longitudinal auto-landing guidance law of fixed-wing aircraft. 23) This paper is organized as follows. The actuator fault model and TDC algorithm are briefly summarized in section 2. In section 3, the stability and control augmentation system in the pitch and roll axes of small jet aircraft utilizing a TDC scheme is described. Finally, in section 4, the 6-DOF nonlinear simulation results are discussed.
Fault Tolerant Control

Actuator fault model
Actuators are the last component in the control-action implementation and play an important role in delivering the necessary power to manipulate the controlled variable. Most of the actuators in modern aircraft systems are either hydraulic or pneumatic powered systems. Actuators tend to be heavy and bulky in order to operate the control surfaces under large aerodynamic forces. It is not desirable to respect to cost-effectiveness to implement multiple redundant actuators on aircraft to prepare for actuator faults. Based on the above reasons, fault tolerant control design considering actuator faults has been an active area of research in the past couple of decades. [26] [27] [28] Figure 2 shows some typical types of actuator faults in aircraft systems. The following describes the mathematical representation of each type of actuator fault.
Abrupt faults are ''hard'' faults and have a large influence on the control action. Abrupt faults generally occur due to electric short circuits or sudden damage of the control surface due to environmental factors. Due to their sudden changing nature, abrupt faults are easy to detect upon occurrence. A sudden actuator stuck fault is a typical type of abrupt fault. 29) Incipient faults are ''soft'' faults and have a considerable effect on the control action in the long run. These faults generally occur due to leaks in hydraulic or pneumatic systems. Due to the slow change in the magnitude of incipient faults, they are hard to detect. 29) Due to abnormal operation or material aging, actuator faults may occur in the system. An actuator can be represented by additive and/or multiplicative faults as follows:
where u j and u f j represent the j-th normal and faulty control actions. u j0 denotes a constant offset when the respective actuator is jammed and 0 ðtÞ 1 denotes a gain degradation of the j-th 8j 2 f1; Á Á Á ; pg component (constant or variable). Such modeling can be viewed as multiplicative faults which affect matrix B as . . .
Matrix B f represents the actuator fault distribution matrix related to the normal constant control input matrix B.
TDC algorithm
The TDC control scheme has been well described elsewhere. 23) For convenience, it is reviewed below. Consider a general nonlinear dynamic equation given by Eq. (3),
Substituting Eq. (2) into Eq. (3), the nonlinear dynamic equation is expressed as Eq. (4).
where dðtÞ denotes disturbance. To develop the control law, the error dynamics can be defined as Eq. (5),
where
Equation (3) can be rewritten as Eq. (6) .
where _ B denotes estimated control effectiveness which is a constant matrix (or value) representing the known range of Bðx; tÞ. Thus, f ðx; tÞ can be rearranged as:
Equation (7) contains all nonlinear uncertainties and disturbance terms. With Eqs. (5) and (6), the error dynamics can be expressed as Eq. (8).
Comparing with Eq. (5), the computed control input is given as Eq. (9).
If desired dynamics is defined as
Using time delay estimation given by Eq. (11) 
Equation (13) is a typical TDC control law. It does not require an exact dynamic model and its properties because there are no internal plant dynamics equations. It uses control input at the previous step ðuðt À LÞÞ, states ðxÞ, estimated control effectiveness ( _ B ) and the pre-shaped input matrix ðB d Þ.
TDC Stability and Control Augmentation System
This section describes TDC for the stability and control augmentation system (SCAS) design. The 6-DOF equations of motion can be divided into four subsystems, namely airspeed, pitch, roll and yaw channel. For simplicity, the airspeed and yaw channel can be controlled by conventional PI controllers. Therefore, it can be assumed that airspeed is constant and the sideslip angle and yaw rate are zero.
Pitch SCAS
The pure pitch dynamics in the longitudinal motion can be expressed as Eqs. (14) and (15) .
where M is the total pitching moment consisting of combinational terms of various states and nonlinear tables. Therefore, it shows strong nonlinear characteristics. Equations (14) and (15) can be rearranged as one formula in Eq. (16) with disturbance dðtÞ.
If the angle of attack and other terms can be considered as disturbances, Eq. (16) can be expressed as Eq. (17).
From Eq. (16), the control input is obtained as follows.
0 e e þ dð; _ ; t; Á Á ÁÞ;
Defining the desired pitch angle as d , the desired reference model can be determined as Eq. (19) .
, where d is the damping ration and ! nd is the natural frequency of the desired dynamics. Finally, the TDC control law for the pitch channel can be obtained as Eq. (20) .
In Eq. (20), the only required model property is estimated control effectiveness _ m. Other terms are the previous control input e ðt À LÞ, the second derivative of the previous state € ðt À LÞ, the current feedback state and the desired dynamics d , d , ! nd , which are all known.
Both the damping ration and natural frequency of the desired dynamics should be determined during tuning. Here, the desired damping ratio is 0.9 and the natural frequency is 3 rad/s. The low-pass filter and saturation blocks are inserted. The saturation filter prevents control actuator windup. 30) Additionally, a low-pass filter is required to eliminate the high-frequency term induced by the double derivative of . 31) Here, the cutoff frequency of the low-pass filter is 4 rad/s.
Roll SCAS
The roll SCAS channel of TDC can be designed in the same manner as described above. The pure roll channel dynamics can be defined as Eqs. (21) and (22) .
The TDC control law for the roll channel can be obtained as Eq. (23).
Performance of Time Delay Fault Tolerant Control Scheme
The proposed time delay fault tolerant control is based on the robustness of the TDC allowing the uncertainty terms to be canceled in Eq. (12) . The control scheme makes use of the previous step input, states and estimated control effectiveness with pre-shaped input for desired output. It is used to not only stabilize the system, but also make the system robust against uncertainties such as model uncertainty and disturbance.
An aircraft simulation model is developed using the Matlab/Simulink environment. The full nonlinear 6-DOF aircraft dynamics includes the equation of motion of aircraft and the actuator dynamic block. The actuator bandwidth is 20 rad/s. The simulation time step is 0.01 second so that L of Eq. (11) is 0.01. To apply the fault tolerant control via TDC methodology to the auto-landing tracking problem, a desired trajectory must be generated. The landing procedure is divided into two phases: a glide slope phase and a flare phase. The glide slope phase is defined as a ''flying-down'' period to a given altitude above the runway. The flare phase is a following phase of landing on the ground as shown in Fig. 3 .
For the glide slope phase, a guidance law to the station point can be achieved using altitude and ground position. The rate of altitude change can be defined as Eq. (24).
Applying the TDC concept, Eq. (24) can be reformulated as Eq. (25) .
If the error dynamic is defined as
Using time delay estimation, the TDC glide slope guidance control is obtained as Eq. (27) .
Here, the time constant for the error dynamic is 5 rad/s and the cutoff frequency is 0.33 rad/s.
For the flare phase, the desired flare altitude can be expressed as the exponential function in Eq. (28) . Applying (28) is solved as Eq. (29).
Finally, the desired flare flight path angle is determined as Eq. (30).
The criteria for switching from glide slope phase to flare phase is altitude. Here, the altitude criteria for mode switching is 30 ft and the time constant is 4.4 rad/s.
32) The resultant desired flight path angle of Eq. (30) The glide slope trajectory is a straight line with a given flight path angle. In this paper, the glide slope angle is 2.5 deg.
In order to verify robust performance of the TDC compared with PID, the landing simulation was conducted with the full nonlinear aircraft simulation model including the nonlinear aerodynamic coefficients. Three kinds of disturbances are considered in Table 1 .
The strong disturbance condition is considered during landing. The wind shear, gust and turbulence models are combined and then inserted as strong disturbances during the landing simulation. Combined wind profiles along the altitude are shown in Fig. 4 .
The landing scenario considered here is as follows: 1) Level flight at 100 knots, angle of attack of 8.62 deg 2) Glide slope capture at altitude of 250 ft 3) Left aileron stuck at 15 deg 4) Flap deflection at altitude of 150 ft 5) Flare at altitude of 30 ft 6) Right elevator stuck at À20 deg 7) Touch-down The control strategy is evaluated for the case of the right elevator and left aileron stuck at À20 and 15 deg, respectively. The simulation is also performed with a severe wind model. The failures are injected at 35 s for the elevator and 10 s for the aileron since these points are very close to the initiation of the glide slope and flare phases, respectively. The total landing motion is separated into the longitudinal and lateral direction motion according to the assumption that the aerodynamic control inputs have no significant coupling. Thus, in the simulation, two time delay controllers are designed for the longitudinal and lateral direction motion.
In the following figures comparisons of TDC and PID are illustrated. Figure 5 shows the tracking performance of the glide slope and flare altitude trajectory corresponding the ground track. In this case, the aircraft is not able to land on the runway. Figure 6 shows the states and deflections of the control surface of the aircraft's longitudinal axis. It shows the altitude, velocity and flap deflection trajectories using conventional control. The flap is scheduled to deploy when the aircraft reaches an altitude of the 180 ft above the runway. Figure 7 shows the states and deflections of the control surface of the aircraft's lateral axis. It shows the rollrate, bank and heading angle trajectories. The aircraft heading is specified as 0 deg during the landing. The actuator fault whereby the left aileron is stuck occurs at 10 s. The result shows that the aircraft is not able to track the heading command. Figure 8 shows the simulation results of the elevator and aileron deflection, respectively, using the PID scheme. It shows that the right elevator and left aileron become stuck. As shown in Figs. 5 to 8, PID is unable to cope with this failure and achieve a safe landing.
Figures 9 to 12 show the simulation results using the proposed TDC scheme. Figure 11 shows the time histories of rollrate, bank angle and heading angle. After the left aileron fault occurs, it is observed that the aircraft stabilizes quickly with small transient response. The most obvious difference between PID and TDC is the tracking performance along the desired command. The heading angle trajectory with TDC, which shows much greater robustness than that of the PID controller when faults occur in the actuator, is robust against the uncertainty. Figures 8 and 12 show the elevator and aileron deflection achieved by the PID and TDC control schemes, repectively. As observed from the figures, control signals for PID and TCD are similar. However, the aileron control signal for TDC is less oscillatory than those of PID after the aileron fault. The elevator and aileron control input provides rea- sonable movement. The three-dimensional trajectory of the auto landing is shown in Fig. 13 . The result shows that the proposed control scheme enables aircraft to land safely even in spite of the actuator faults.
In addition, trajectory errors of the aircraft after applying the two types of control schemes are shown in Table 2 . As seen from the table, altitude and heading tracking errors using the TDC scheme along the desired trajectories are smaller than those of PID during the landing.
The TDC controller is able to handle the failure and land the aircraft successfully. The figures further illustrate that the TDC control scheme is able to follow the reference trajectory closely.
Conclusions
A time delay control scheme was used to increase flight safety in the case of a damaged actuator of a flight control system. As a fault tolerant control, it acts to ensure that the aircraft system is robust against disturbances due to wind and actuator faults. The performance of the proposed approach was verified via a 6-DOF nonlinear simulation. The results showed that the aircraft can perform auto-landing without degradation of performance in the case of not only a single fault but also multiple faults.
The proposed method can be extended to the multiple floating actuator faults problem for a fixed-wing UAV auto-landing. 
